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1. INTRODUCTION 
Several methods have been reported to predict 
the secondary structure of proteins. The common 
basis for most of them is that the primary structure 
of a protein contains already the information 
necessary to determine the folding of the polypep- 
tide chain to produce the very specific spatial ar- 
rangement that characterises a globular protein. 
The reversible character of the folding-unfolding 
process of a protein in solution can be taken as a 
proof that the final three-dimensional structure is 
a thermodynamically stable conformation, which 
is totally determined by the nature and sequence of 
the amino acids, their mutual interactions and the 
interactions with the surrounding solvent. This ap- 
proach postulates that the folding of the polypep- 
tide chain will occur in a way that will allow the 
hydrophilic amino acids to be located at the pro- 
tein surface, and the hydrophobic amino acids to 
be buried in the interior of the molecule. When the 
unfolding process occurs, the interaction of the 
hydrophobic amino acid residues (AAR) with the 
solvent will make a large positive contribution to 
the free energy change [ 11. 
nantly hydrophobic, the difference between the 
solvation free energy in water and in 100% ethanol 
(or other non-aqueous media) was used to establish 
an hydrophobicity scale, according to the relation: 
F. = RT ln Niw + R+ 
1 
Ni Ai 
where Fi is the free energy difference, Ni, and Ni 
represent he solubility of the amino acid in water 
and in a non-polar solvent, respectively, and the se- 
cond term, which includes the activity coefficient 
at saturation A in both solvents, approaches the 
value zero. 
In this definition, the hydrophobic character of 
a certain amino acid depends only on its nature 
without taking into account the influence of the 
neighbouring amino acid residues, An improved 
hydrophobicity scale is the ‘surrounding hydro- 
phobicity’, defined in [3-51 as: For each AAR, an 
8 A-radius sphere with its center at the (Y carbon is 
considered; the sum of the Nozaki-Tanford free 
energies for all the AAR included within the sphere 
will be the ‘surrounding hydrophobicity’ for that 
particular amino acid. 
It is possible to establish an ‘hydrophobicity 
scale’ for the 20 natural amino acids, by measuring 
their solubility in non-polar solvents such as 
ethanol and dioxane, and in water [2]. (100% 
ethanol would be the perfect model for the interior 
of the protein.) For those amino acids predomi- 
Since this ‘surrounding hydrophobicity’ cannot 
be estimated unless the full 3-dimensional structure 
of the protein is known, the ‘bulk hydrophobic 
character’ <Hf> for each amino acid has been 
calculated as an experimental average value, from 
the crystal data of 21 proteins with a known ter- 
tiary structure [5]. 
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It has been shown also that a very good correla- 
tion exists between the ‘bulk hydrophobic 
character’ of the amino acids and their accessibility 
B,, as defined [6], with a correlation of 0.82 and 
SE = 0.103. This correlation can be improved to 
0.90 with SE = 0.08 if the M, of the AAR and its 
polarity P are considered [5], according to the 
relation: 
B, = 0.09681 <Hf> - 0.00061 P - 0.00197 1M, 
- 0.6588 
A list of the bulk hydrophobic character [5] for 
the 20 natural amino acids, as well as their cor- 
responding accessibility coefficients calculated ac- 
cording to this equation is given in table 1. 
Table 1 
Bulk hydrophobic character and accessibility CO- 
efficients for the 20 natural amino acid 
Amino 
acid 
Ala 
Arg 
Asn 
Asp 
CYs 
Gln 
Glu 
Gly 
His 
Ile 
Leu 
LYS 
Met 
Phe 
Pro 
Ser 
Thr 
Trp 
TYr 
Val 
<H’> B, 
12.28 0.39 
11.49 0.12 
11.00 0.16 
10.97 0.17 
14.93 0.58 
11.28 0.16 
11.19 0.16 
12.01 0.38 
12.84 0.29 
14.77 0.55 
14.10 0.48 
10.80 0.13 
14.33 0.46 
13.43 0.35 
11.19 0.22 
11.26 0.25 
11.65 0.26 
12.95 0.23 
13.29 0.30 
15.07 0.63 
3. METHODS AND RESULTS 
The correlation that exists between the bulk 
hydrophobic character <I#> of an AAR as 
defined in [5], and its accessibility, allow us to 
predict the relative position of the different parts 
of the polypeptide chain with respect o the protein 
surface and, in addition, to predict the secondary 
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structure of the protein, on the ground of the 4 
typical hydrophobicity profiles illustrated in fig. 1. 
The hydrophobicity profile is simply a plot of the 
bulk hydrophobic character v.s the number of the 
AAR in the sequence. The following considera- 
tions have been taken into account to draw the 
basic hydrophobicity profiles: 
(9 
(ii) 
(iii) 
(iv) 
(v) 
(vi) 
Turns occur at those sites in the polypeptide 
chain were the hydrophobicity is at a local 
minimum [7,8]. 
Helices are generally located nearer the sur- 
face of the protein, and tend to have hydro- 
philic and hydrophobic surfaces at opposite 
sides. This fact originates alternating regions 
with low and high hydrophobicity with a 
periodicity of every 3-4 residues, correspon- 
ding to the a-helix periodicity of 3.6 
AAR/turn [9, lo]. 
P-Strands have a tendency to be buried in the 
interior of the protein, which shows up by a 
clustering of hydrophobic AAR in the region 
of the sequence where a P-strand occurs 
[9,101. 
The few P-strands lying on the protein surface 
will show the presence of alternating 
hydrophobic and hydrophilic AAR [9]. 
The average surrounding hydrophobicity 
value for all the AAR in a sample of 21 protein 
structures, turned out to be 12 kcal, so, this 
value is to be considered as the limit between 
residues with an hydrophobic or an 
hydrophilic character [5]. 
The hydrophobicity profiles can be replaced 
by the ‘accessibility profiles’, by plotting B, in- 
stead of <H’>. In this case, 0.3 is taken as 
the limiting value between a probably exposed 
and a probably buried AAR. 
The reliability of the method was tested on 23 
proteins whose tertiary structures have been deter- 
mined by X-ray diffraction methods to a resolution 
of 3 A or better. On each case, the last data 
available was used. The reliability parameters QC 
and Qp that take into account the number of 
residues correctly assigned, those overpredicted 
and those missed in the prediction of helical or ,B- 
structures 11 l] were chosen to estimate the quality 
of the prediction. Table 2 is a list of these 
parameters [12-281. Since only a limited number 
of the structures revised gave the position of the B- 
turns, we did not calculate a Qt. 
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Fig. 1. The 4 basic hydrophobicity profiles. The bulk hydrophobic character <Hf > , or the accessibility B, are plotted 
against the amino acid number in the sequence. 
Fig. 2 and 3 illustrate part of the hydrophobicity 
profiles obtained for two of the proteins revised. 
The regions of secondary structure determined by 
X-ray methods are marked with arrows, whereas 
the predicted region is delimited by the number of 
the first and last AAR in parenthesis. The periodi- 
city of alternate hydrophilic and hydrophobic 
AAR in the helical regions of adenylate kinase [12] 
is clearly seen in fig. 2. The difference between p- 
strands that are partially exposed, like ,811, and prr, 
with buried P-strands such as ,&, and ,611, in con- 
canavalin A [17] is shown in fig. 3. Note that a se- 
quence of two hydrophilic AAR would interrupt a 
p-structure. 
The complete hydrophobicity and accessibility 
profiles of bovine phospholipase AZ - one of the 
best refined protein structures at present [24] are 
shown in fig. 4. The agreement between the 
predicted and the experimentally determined 
secondary structures is very satisfactory. 
The method was also tried on bacteriorhodop- 
sin, an integral membrane protein whose structure 
has been described as a group of 7 helical segments 
going across the membrane, with short non-helical 
strands of the polypeptide chain joining them (291. 
This problem presented a ‘buried’ helical structure, 
usually not found in non-membrane proteins. The 
hydrophobicity profile of this protein showed 
regions with high hydrophobicity, mostly resembl- 
ing the buried P-strand profile of fig. 1, separated 
by hydrophilic regions that should correspond to 
the exposed parts of the polypeptide chain. Table 
3 gives the exposed regions of the bacteriorhodop- 
sin polypeptide chain predicted by us, as compared 
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Comparison between predicted and experimental secondary structures of 23 proteins 
Protein 
194 3.0 82.1 97.2 1121 
314 2.4 67.5 73.5 1131 
259 2.0 82.5 80.0 v41 
307 2.0 67.0 80.4 [I51 
505 2.5 70.5 16.5 t161 
238 2.4 96.6 74.3 1171 
93 2.8 75.6 82.3 1181 
189 2.9 86.4 76.6 u91 
128 2.5 16.5 95.0 [201 
138 1.8 93.4 88.5 t151 
148 2.0 71.3 85.8 1181 
478 2.0 69.8 69.9 1211 
Adenylate kinase 
Alcohol dehydrogenase” 
Carbonic anhydrase C 
Carboxypeptidase A
Catalase 
Concanavalin A” 
Cytochrome bs 
Dihydrofolate reductase 
Ferricytochrome c 
Flavodoxin 
Lamprey globin 
Glutathione reductasea 
D-Glyceraldehyde-3-phosphate 
dehydrogenasea 
Lactate dehydrogenase domain I 
Lysozomea 
Phospholipase AZ 
Rhodanase domain Ia 
Ribonuclease 
Subtilisin 
Cu,Zn Superoxide dismutase 
Thermolysina 
Thioredoxin-Sza 
Triose phosphate isomerase 
a Some reported &structures have < 5 AAR and/or helices with < 6 AAR 
b Average Qa = 79.9%; ’ Average (28 = 80.7% 
334 2.9 79.7 77.3 [221 
178 2.0 80.5 85.9 t151 
129 1.5 83.1 66.2 1231 
122 1.7 90.5 89.0 1241 
137 2.5 89.6 88.2 u51 
124 2.0 79.4 75.2 1251 
215 2.5 85.0 81.7 1151 
151 3.0 91.4 80.7 1261 
316 2.3 73.6 67.3 1271 
108 2.8 70.5 86.2 [281 
248 2.5 70.5 86.6 1151 
AAR Resolu- 
tion (A) 
[Ref.] 
to those postulated in [29]. These regions displayed 
the features of random-coiled structure or loops, 
with the exception of the sequence 130-140 which 
shows the alternating hydrophilic and hydrophobic 
AAR that characterises a helical region. 
Table 3 
Exposed regions of the bacteriorhodopsin polypeptide 
chain (AAR) 
Hydrophobicity profile 
method 
Postulated in [29] 
4. DISCUSSION 
The simplicity of the method to predict secon- 
dary structures described here, makes it worth- 
while to try, even if the reliability were not as good 
as it proves to be. The fact that it makes use of the 
‘bulk hydrophobic character’ that it is already an 
averaged coefficient, makes it unnecessary to 
smooth the profile as proposed [7,8]. 
The average values for Q0 and @ are 79.9% and 
l- 9 
3s 41 
71- 71 
102-107 
130-140” 
155-165 
191-196 
224-227 
23 l-247 
l- 7 
32- 40 
66- 76 
102-106 
131-132 
157-165 
191-196 
224-247 
a Helial structure 
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Fig. 2. Hydrophobicity profiles for helices cuC3, CVEZ and (YF in adenylate kinase. Note the periodic alternance of highly 
hydrophobic and hydrophilic amino acid residues. 
80.7%) respectively, which are at least comparable 
with the best of other predictive methods [ 11,191. 
(For a prediction no better than random, a 50% 
value is expected.) The agreement could even be a 
little better if some accord could be reached on the 
minimum dimensions of what is called a P-strand 
or a helical structure. Several of the secondary 
structures listed in table 2 report P-strands with 4, 
3 or even 2 AAR, and thermolysin have helices 
with 4 or 3 AAR, which is in disagreement with the 
convention of minimum values of 5 AAR for a ,& 
strand and 6 AAR for a helical structure we have 
used [l 11. These structures are marked with an 
asterisk in table 2. 
The method can be used by itself, or to com- 
plement other secondary structure prediction 
methods, such as the Chou and Fasman, for exam- 
ple [ll]. In fact, the hydrophobicity-profile pro- 
vides an independent criterion for differentiating 
between helical and ,&structures in regions where 
the Chou and Fasman method does not 
discriminate. In fig. 5 we have plotted together the 
Dufton and Hider probability products EP, and 
KPo [30] and the hydrophobicity and accessibility 
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Fig. 3. Four @-strands of the structure of concanavalin A. Note the difference between partially exposed &strands like 
,811, and ,&I, with ‘buried’ P-strands such as fir, and flu,. 
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Fig. 4. The complete hydrophobicity and accessibility profiles of bovine phospholipase AZ. The secondary structure as 
determined from the refined tertiary structure is also represented for the purposes of comparison. 
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Fig. 5. Two predictions for the secondary structure of carbonic anhydrase C, in the region from AAR 108-147. The 
upper plots are the Dufton and Hider modification of the Chou and Fasman method to predict the probability that 
helical or &structures would occur. The lower plots are the hydrophobicity and accessibility profiles. The location of 
p(S), p(6) and D, determined by X-ray diffraction methods are also shown. Note that the upper plots predict a large 
helix in the region 109-l 19, and afl-strand with lower probability, for AAR 117-120. They do not discriminate between 
CY and &structures in the region 128-133, but predict correctly a P-strand between AAR 137-145. The hydrophobicity 
and accessibility profiles predict &turns in the regions 109-112 and 134-137, two &structures in the region 113-122 
and 138-146 and an a-helix in the region 125-133. 
profiles for AAR 108-147 of carbonic anhydrase 
C [14]. It can be seen that the former method 
predicts a helical structure in the region 109-I 19 
with high probability, and a b-strand with lower 
probability in 117-120. Also, helical and ,& 
structure are predicted with similar probabilities in 
the region 128-133. The hydrophobicity and ac- 
cessibility profiles differentiate clearly between ,& 
strands (113-123 and 137-147), helix at the region 
124-134 and P-turns at 109-112 and 134-137. 
Another good example is given by bovine 
phospholipase AZ illustrated in fig. 4. Chou and 
Fasman’s method predicts an a-helix with an 
average probability of 1.02 and a P-structure with 
average probability of 1.25 in the AA sequence 
1-13. The hydrophobicity profile predicts a helix 
in this region which agrees with the results obtain- 
ed from the tertiary structure. 
The advantages of our method to predict secon- 
dary structure are: 
(1) It is simple 
(2) It predicts p-turns and loops with great 
accuracy. 
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(3) When predicting &structures, it can distinguish 
between exposed and buried ,&strands. 
(4) It provides an independent criterion to dif- 
ferentiate between helical and .&structures in 
regions where they present similar probabilities 
according to the Chou and Fasman method 
(fig. 5). 
The main disadvantages are: 
(1) It cannot differentiate between buried helical 
structures and buried &structures, as seen in 
the bacteriorhodopsin profile. 
(2) Its data base does not include all types of pro- 
teins, like membrane proteins or glycoproteins 
for example, so its application is necessarily 
restricted, or at least must be done cautiously 
when using it in molecules different from those 
of the data base. 
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